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CHAPTER I

INTRODUCTION

The introduction of solid s ate arrays wili have a major
impact on at least three areas of gemiconductor electronics:

1. As an analogue shift register or delay line

2. As a serial memory for binary data storage

3. As a solid state imaging device.

Imaging arrays have attractive military applications to terminal
missile guldance, fire control, image reproduction, target or
pattern recognition and similar areas.

Solid state uevices (SSIDs) are attractive in many areas
because arrays of charge coupled elements can be operated without
the electron beum scanning mechanism and high-voltags vacuum tech-
nology of conventional vidicons. Most devices are compatible with
othey HMOS devices or bipolar technology which might be used as
peripheral circuitry, whether it be signal processing, clocking
wvaveshapes, external amplifiers, or encoders.

One popular imaging device which shows much proaise in state~
of-the-art imaging is the charge coupled device (CCD). The CCD
operates by c mechanism of charge storage and t-ansfer of these
packets of minority charge, which represent analogue or semi-analogue
signals from under an azray of MOS control gates. Information in
this form is then transferred along the silicon surface in clocked
shift register fashion by sequential manipulation of the voltages on

the control gates. This transfer takes place in the bulk silicon




just beneath the silicon surface. There are basically two types of
CCD, surface channel (SCCD) and buried chanrel (BCCD). In either
case, the minimum potential er=argy of the depleted wells is deter-
mined by the voltage applied to the gate electrode, so that the
appropriaste manipulation of the phase voltages causes the charge
packet transfer along the line, since the charge always moves to the
local potential minimum. One section of a three-phase CCD is shown
in Figure 1 to illustrate the potential well and development of the

charge packet under the control electrode.

Channel-stop v
Diffusion. ¢

Control
Electrodes

‘ o Oxide

?

Depletion Layer Charge Packet

Figure 1. Section of a Three-phase CCD.
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In the figure, Vs represents the electrode gate voltage. Once
a charge packet has been produced on the surface of the device, 1t
may be transferred along the structure as illustrated in Figure 2.
At time tyr & charge packet 18 developed under the electrode con-
trolled by ¢,, which has an applied voltage of +Vcc. At this same
. time, electrodes ¢, and ¢, are maintained at the resting potential,
+V .

4 At time t,, the electrode controlled by ¢, is pulsed to +V__,

producing a potential well under the controi electrode. Since the
electrodes ar: closely spaced, the charge begins to move slowly from
the ¢, electrode to the ¢, controlled electrode. The voltage on the
¢, electrode iz then veduced to +V.' with a slowly falling edge.
This slowly {alling edse provides the finite amount of time necessary
for the charge carriere o diffuse across the width of the electrode.
Figure 2{c) shows the charge tranasfer complete at time t, , with the
charge stored in the well, or depletion region, under the electrode
f controlled by ¢,. ¢, must be kept at a relatively low petential for
this entire time to prevent the backflow of charge. Thus, in a
three-phase device, three array elements, or electrodes, are neces-
sary to store and transfer one charge packet. For this reason,
these three control electrodes are usually referred to as 'one

element" of the CCD. This will be the notation used throughout the

body of this work.

i
!
!
{
[

\ Thus, the electrodes of the three-phase CCD array are arranged
in triplets and are counnacted sequentially to the drive llnes carry-

ing the three-phase clocking waveforms, or driving pulses. These
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complete clocking pulses are illustrated in Figure 3. It should be
noted that there can be charge under every third electrode in an : )
array and that application of the clocking waveforms causes these
charges to move simultaneously.®

The theoretical aspects of charge coupled device cperation will
not be deelt with expiicitly, as they provide little insight into the : \

&
operation parameters of the device in the manner of which they were

A, sl

examined. However, it 1s helpful fo observe how the potential well

L

f depth 1s related to the applied gate voltage, and how the charge
transfer time is related to element dimensions. The potenti&l well

g

! deptt may be expressed as

R N T

Ter R A M Ay,

where
Q { I
' 88 N
vG VG + Cox ) ‘
i 2
' gN. € x !
. B = ——% $ X 3 :
'. OX (3 §
, k
i V. = s8ate voltage
' Qg, = oxide charge per unit area ; ﬂ
: o
P ' C,x = oOxide capacitence per unit area 3 :J
| 4 = electronic charge in coulombs 3 v
% Ny = substrate doping level in em” %\
3
: R silicon dielectric constant in F/cm v
potential well depth éi
s*f:';:
el
e
N"!\;?:'
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6
€x ™ oxide dielectric constant in F/cm
X " vzide thickness in cm.
The well depth is then determined by )
" AV = _sig %)
8 Cox + C

¢ e
where Cd if the depletion~layer capacitance, and Qsig is the signal
charge.

The most important figure of merit for a charge transfer device
is the trancfer efficiéncy, n, the fractional part of charge that
is transferred from one electrode to the next. Likewise,™the portion
which is not transferred, the transfer inefficiency, or transfer

loss, is denoted by €. Thus,
n+e = 1 . (5)

Since CCD imaging devices require large numbers of transfers,
€ must be very small to prevent excessive signal degradation.

The transfer efficiency is dependent on two aspects of the
device--fhe transfer time and trapping effects. The trapping effects
con be minimized by the continuous circulation of a small amount of
charge (~10% of full signal level). This background charge is
generally called "fat zeraf. and helps to keep the fast states con-
tinuously filled so that no states are empty to trap charge when a
full well signal arrives.

The transfer time 18 essentially determined by either thermal

diffusion or fringing field drift. Both of these mechanisms cause

. Vs ¥
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an exponential decay of charge. The time constants for this decay
determine the efficiency that can be achieved at any particular ; 1
clock frequency, since this clock frequency determines the time
avallable for charge transit,

The time constant for thermal diffuzion can be determined ﬁy
physical properties of the gate. The motivaﬁion is provided by the { )
§ thermal voltage kt/q applied acrocs the gate length. The transit

time is therefore

L L L2
T = r— - + S— . (6)
i th HE ukt/qL D

To achieve efficiencies of 99.99% (¢ = 10-“) requires about ton time

R T

ety o P

-1 0)

constants (10 'Se . Thus for typical valuea (L = 10um and

D = 10cm?/sec), efficiencies of 99.99% ccn be achieved at approxi-

pE——

}

l

‘ mately 1 MHz. clock rates, assuming thermal diffusion 1s the only

: mechanism responsible for charge transfer. This speed is insuffic-
ient for many applicatioms.

: The transfer of charge is also aided by the externally applied

W O o g, SNy - < Sewetll.

Y voltages in the form of induced fields. The transit time constant

- ——

for fringing-field drift is then given by

B v ar.

3 ‘ |
L L . X
‘ T - - ’ (7) i
: £ ME 3.2quox ‘

vhere Em is the wminimum fringing-field possible, given by

x
- . (8)
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V is the applied vo}tage. X x is the oxide thickness, and L is the
gate length. Agaiﬂ, for 10 um gates, the thermal time constant is
10" seconds. Assuming/u = 400, x__ = 1000 X, end V = 10 volts, the
fringing field time comnstant in 7.8 x 107° eéconds, or a factor of
13 lower. Thus, for 10 yum gate lengths and low nubstrate doping,
fringing field drift results in about 10-15 MHz. operation. Since
T is dependent on L’, the increese in speed over that possible with
thermal diffusion increases as gate length is decreased.?

The maximum amount of signal charge, Q, which can be stored
under any one control electrode and transferred within the CCD is

given by:

Q =~ kcv

where C is the total oxide capacitance of the storage electrode and
V is the voltage swing on the control electrode. At full well, a
constant fraction, k, of this is minority charge, where k # 0,5 for
typical suriface channel structures.

The transfer efficiency can be calculated from the relative

magnitude of the residual "trailing" charge AQ to the full charge

packet Q:

AQ o )
Q ne (9)

where N is the number of tranefers. For example, for surface
channel devices ¢ is typically in the range 5 x 10™° to 10™* (for

medium frequency operation). The values for the NE product can be

v . s
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shown to be necessarily less than 0.1 for maximum bandwidth capa-
bilities of the device to be realized.s

For imaging, an optical system focusee the light onto the CCD.
The incident light quanta enter the substrate and impart their
energy to the silicon causing the generation 8f free charge carriers.
Depending on device structure, the quanta may enter between the
control electrodes, through transparent electrodes or, in specially
thinned devices, through the back face of the substrate. The
generated carriers collect as a charge pattern under the array of
eiectrodes. Thls pattern is a semi-analogue replica of the radiation
of light intensity across the original image. Semi-gnalogue i8 a
term that will be used to describe the sampled analogue image stored
in the device. The charge pattern can be extracted from the CCD
using the previously described sequential clocking technique by one
of three different types of transfer. It appears as a train of
pulses whose amplitudes vary with the grey scale of the iwage. The
array is thus self-scanning.’

Three options of device organization ace possible., These are
frame transfer (FT), interline transfer (ILT), and line transfer (LT).
These three options are illustrated in Figure 4. A listing of these
options and design 1asugs are also given in Table 1,

Frawe transfer, which is a low frequency continuous transfer,
and lin2 step, which is algo low frequency but discontinuous, make
up the vertical tranefer processes.

The frame transfer orgc-igation requires rubstantially more

total device area to accommodate & buffer store, which is a major

]
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Qutput Register
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m———— : I
l :> Output

RERRA
Storage !
(a) t r Area 3
Frame Transfe: ;
(FT) ]
z [ ; .
i Imaging 3
% Area i
| -

ki s e = A

Output Register

1 Video :

s - {
! Output ‘

(b) T Storage Columns

Interline Transfer l 1 ! .JL\

(1) o~ Imaging Columns

Line Address Video
Circuitry "ﬁ >'—’Ou tput

- m— e I e o

-

- e i T

e e e e et et L s -

‘i — ——
—— w
(c)
Line Transier E:‘ Imaging ‘ Output .
—— p——— Register ;
(LT) -
i ey
; o
i i
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Figure 4. Three Basic Types of Organization for a

Charge~Coupled Area Image Sensor.
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digsadvantage compared to the other two devices. Hovever, it is
functionally the simplest. The line transfer organization employs

a scan generator. The interline transfer structurz requires separate
photosensitive elements and shift registers. The ILT simplicity is a
definite advantaée with regard to interlace and vertical resolution.

In the frame-transfer structure, the top half of the chip is
photosensitive. Field A is formed by collecting photoelectrons under
the ¢, electrodes for approximately 1/60 second. This charge con-
figuration is shifted into the shielded storage register in typically
1/600 second. Field A is then read out a lise at a time while Field
B is being formed by collecting photoelectrons under the ¢, elec-
trodes.

In the interline transfer structure, the shielded vertical
readout registers are interlaced with the photosensitive lines.
Because the integrating cells and shift-cut cells are separate, the
effective integration time for both Field A and Field B 1s 1/30
second. After collecting photoelectrons in Field A for 1/30 second,
the charge configuration is shifted into the shielded registers and
down, a line at a time, into the horizontal output register. When
Fleld A is completely read out (1/60 second), Field B is shifted into
the shielded registers and out. It is important to naote that the
effective integration time for interline transfer structure is twice
that of the frame~transfer structure or line transfer structure.’

Research has been performed by several agerospace companiaes to
develop trackers which utilize imaging arrays such as tha CCD as

sensors. The Avionics Laboratory, Wright-Pstrerson Air Force 3ase,

PR RS S
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Ohio initiated a program with the purpose of determining the per-
formance characteristics of array trackers, providing useful test
data to designers and exploring the potential of this new technology.

Tests are performed on array trackers from three companies:
Honeywell Iﬁ;orpormted, McDonnell Douglas Astronautics, and Martin
Mariett. Aerospace.

The testo are performad using & Zoom Opticel Target Simulator
(20TS), an irstrument designed specifically for testing electro-
optical tracking syntems. ~‘l‘he 20TS provides simulated parameters,
such as brightness, contrast, motion, and vange closures. Motion of
the target carriage provided in x, y, and diagonal direction by a
servo control system,

Both the Z0TS and the tracker under test are interfaced into a
Data Aquisition Syetem, aud recorded in digital form on magnet’c tape.
The tape format. is 9-track, 800 bpi, and IBM compatible. The run
nupler, run time, x and y tracker outputs, ZOTS analogue voltages,
ard other information are fecorded for each tracker frame.

These data are used in portions of the parameter investigation for
CCD, charge injection cevice (CID), and photodiode arrays utiiized in

target and pattern track'ng.
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CHAPTER 1I
PROBLEM DESCRIPTION

The problem is three-fold. There is an analysis of data
vbtained from the available trackers, a parameter iaveatigation
utilizing these data as well as an extensive literature search, and a
simulation of the CCD utilizing parameter variations. As an exten~ -
sion of this work the video data are encoded in order to reduce
redundancy incurrsd. The Huffman coding of run-length sequences
accomplishes this task easily.

The analysis task consists of identifying the sources of tracker
error and where posgible eliminating the systematic errors. A
thorough investigation of the tracker responses to variations in the
parameters in quegtion 1is accomplished as well as the removal of
system errors, revealing thz actual tracker error.

Since the data are stored on 9-trsack magnetic tape, a program
written to retrieve the data and transform the information into a
usable form is utilized. The words are converted to a ugsable length
and manipulated on the available Univac 1106 Multiprocessor Facility.
A major portion of this work 1é, however, dedicated to the identi-~
fication of these error sources and systematic ervcr removal,

The results are used ss a partial source of parsmeter study
for the second portion of the study.

A synopsis of the computer scftware used in the error anslysis

is available in Appendix B of this text.

I s TP B

B e e ity ool - D s & s Wi




15

Several parameters are considered and trade~offs examined to

i evaluate the performance and eatablish the practicality of the SSID !
as a tracking sensor. There are several optical characteristics of
the device itself that are significant. For example, polysilicon,
which ig used extens#vely to form the optically trﬁnsparent electrodes.
does provide some optical attenuatf~n. Also, when multilayers of % '
polysilicon electrodes are ewployed, as is the case in the manu-

facture of some devices, it is possible that the layers may act as

7 an undesirable filter. ) 3

o

From a systems standpoint, there are a number of considerat’ons
that affect the eventual design decision, The close coupling of the
A~ photo elements, which is vital for the required charge transfer, to

an output detector creates the atmospnere for a blooming problex.

N
7

A heavy optical overload results in blooming; in fact, a small
intense spot can create a disturbance us extensive as to cover the
entire sensor. Partial cures for this blooming are proposed and

evaluated for the trackivng or imaging application.

r— . ——y

A conaideration along this same line is that or the intensity
of the target and the background field of view. Besides the danger

of high intensities causing blooming, there is the lower limit on

target intensity wvhich permits detection by the sensor or tracking

algorithm. Thise means that there must be a significant difference

betveen the intensity of the target and the iatensity of both the .
background and the noise inherent in the device itself.
Igherent noise can degrade system performance while tracking.

It develops in the following manner. If the object moves from one

4 Feuegi s Seiver = v
{ e
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active element or group of active elements to another, and if the
amount of charge generated and stored in the second element or group
is not comparable to that of the preceding element or group, the
sensor might misjudge the direction of travel of the target, or

lose the target altogether. Nonuniformities of this type are

usually caused by limitations in the manufacturing process for the

device.

The largest single cause of nonuniformity in sensor output is
due to material propertles. The generation of photo electrons
varies according to the homogeneity of the bulk material in which
the photous are absorbed. As devices get smaller and more dense
the photolithographic process used in fabrication becomes a limiting |
factor. Irregularities become dependent or the irregularity in the
geometry of the sensing rells. Many companies have thus gone to

| electronbeam lithography to provide smaller dimensions in cell size

: and intercell spacing.
5? ! The amount of nonuniformity which can be tolerated is, of

? course, dependent on device utilization. In tracking, as will be
shown later, the nonuniformities only become a valid concern when
contrasts and irradiances approach extremes. If inherent noige is
vresent, schemes must be employed to reduce its effect on the video

output of the device. For instance, corrections can be incorporated i |

in the tracking algorithm or in the external circuitry.
This inherent noise is compounded by the introduction of a :5; i
fixed-pattern “noise"” on the signal. This fixed-pattern noise

is imposed by an effect known as dark current nonuniforwity.
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This dark current is thermally generated in the silicon and also
limits the storage time of the CCD. The limitation on storage time
determines the lower 1liwmit on scan rate of the sensor. This storage
time 1is very short at room temperature, but cooled devices are
capable of storage times of up to an hour or two.

The scan rate of the sensor determines the maximum imape velocity
of a trackable target. The scan rate (data update) must be somewhat
faster than the estimated velocity of the target image across the
face of the device. If not, the target will be lost betwecn frames,
Oun the upper end of the scan rate, limitations are imposed by the
integration time of the SSID., 1ntegration time 1is a fundamental
property of the device., If the device 18 scanned faster than the
integration time necessary to adequately describe the scene in quan-
tities of charge, blurring will result, and target definition suffers.

As scan rates and frame rates are increased, two interrelated
quantities become crucial to system performance. These are transfer
time and transfer efficiency. The loas of the small nortione of
information and the subsequent addition of these residual charges to
trailing elements tend to degrade video output. Therefore, scan
rates must allow for adequate charge transfer. System-wise, higher
scan rates need wider bandwidth and wide band noise may prove t
undesirable. .

Another area of concern is target acquisition. This aspect is a
characteristic of both the tracking algorithm and the device parai;-

ters. Thus, varicus aspects are interdependent. Tlie sensitivity

iV

T

t
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of the SSID to changes in the background, or the amount of grey
level senaration which is attainable, determine how well the target
can be defined and tracked.

Several of the above listed problems are interrelated, and thus
trade-offs are considered. For instance, iutegration time, scan
rate, target velocity, transfer time, and transfer efficiency are sll
interdependent. Likewise, so are intensity, blur, sensitivity,
inherent noise, and blooming effects.

It is necessary to study the extent of each problem as it is
introduced by the device parameters and as it affects system per-
formance., These results can be used to determine corrective measures,
The data described previously are used as an experimental basisc or
applied starting point for the system e“fects of device parameters.
They are used for analysis and investigation of projected system
performance,

Portions of the projected performance are attained from a com-
puter simulation of the CCD tracker array. The fortran program
utilizns transfer efficiencies, target contrasts, background elimi-
nation, target pattern acquisition and grey level adjustment in each
array element. The simulation provides information as to the
degradation of the picture image as the analogue replica of each
scene is clocked from the array, as well as the feasibility of
target acquisition on large arrays. The target acquisitions can

be utilized as a contrast tracker or a pattern recognition scheme.
The program is so uritten that the information clocked from

the array can be encoded directly using Huffman encoding to reduce
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scene redundancy as well as the space necessary for information
storage. This portion of the work is backed by previous work domne !
in the area of redundancy reduction by the coding of run-liength
sequences. Any code can be used since the scheme uses the table

look-up procedure for coding.

Ay s T s




CHAPTER III

DATA ANALYSIS

Each tracker tested in this study is listed in the order inwhich
the original tests are made. The tracking algorithms are proprie-
tary to the individual companies, and hence, are only discussed in
a limited fashion. The programs used for extraction and reduction
of the data for this study are located in Appendix B. A synopsis

of each of these programs is also given.

TRACKER NUMBER 1, Honeywell Solid State Imaging

Seeker (Photodiodec)

The data from two Honeywell array trackers are available for
investigation. Both utilize the same tracking algorithm, but have
different detector arrays. Tracker Number 1 uses a Reticon 50 x 50
array of photodiodes in matrix form. Each cell gtores charge in the
p-n junction and is read serially once during each frame.

This device is designed as a terminal guidance geeker for a
shoulder-launched anti-tank weapon. Its tracking algorithpr is a
correlation technique utilizing information from a specific number
of array cells in the form of several levels of ‘'grey" or internal

target contrast.

TRACKER NUMBER 2, McDonnell Douglas Mosaic Tracker

Tracker Number 2 utilizes a Genersl Electric 100 x 100 charge

injected device (CID) array. This sensor consists of a matrix of

. YTy
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| coupled MOS capacitors as does the CCD. Each cell is read once per
frame by injecting the charge into the silicon substrate. ; A
The tracking algorithm of this tracker consists of calculating
the mathemgtical centroid of the targe% from the classical defi-
nition Af the center of mass of a uniformly dense target. This

target tracker uses two-level logic. A present threshold determines

any cell outputting a 1 (as determined by the threshold) is included

; the presence of the target over a particular array element. Thus,
l in the tactical centroid calculation.

TRACKER NUMBER 3, Martin Marietta Area

Correlation Tracker

W e gy s e e

This Martin Marietta tracker uses a Fairchild 201 CCD as a

e

sensor. It is a 100 x 100 matrix of cells as is used in the gimu-
lation later on in the text of this study.

The tracking algorithm of this txacker utilizes target signa-

N e MY Mt W
1 -

turer characteristic of the target and background features within a

L ‘fixed segment of the sensor field of view. The tracker stores a !

reference target area siguature in memory and derives tracking
1 information from the comparison of subsequent target signature with
this reference. The target reference can be updated to enable L

tracking of relatively fixed targets during range closure. It is

this idea that is utilized in the simulation.

TRACKER NUMBER 4, Martin Marietta Point Tracker {

The point tracker once again uses the CCD array as does tracker L

number 3, the difference in the two being in the tracker electrorics. ;}
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The point tracker algorithm processes sensor information to dis-
tinguish a target from its background and then calculates the
relative locaticn of the centroid. This tracker determines the
contrast edges of the target and adjusts tracking to match the

target window with the size of the target.

TRACKER NUMBER 5, Honeywell Solid State

Imaging Seeker (CID)

This Honeywell device alno uses the General Electric CID
sengsor. However, the sensor utilizes a 144 x 288 cell array. This
tracker uses the same tracking algorithm as Tracker Number 1, the
only modifications being to accommodate the array's larger size.

The dimensions of the target image on the sensor, the angular
size and the approximate number of sengor cells subtended by the

target are presented in Table 2.

Table 2

Geometric Taxget Sizes

Tracker Number Target Size Cellg Subtended
Mils Milliradians
1 12 x 12 2x2 3x3
2 16.4 x 16.4 2.7 x 2.7 5 x6.5
3 24.1 x 24,1 4 x4 15 x 20
4 13.3 x 13.3 2.2 x 2.2 8 x11
5 7.2 x 4,2 1,7x 1 3x3
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In order to present the parameter study performed on the three

companieg' tracketrs, an identification and analysis of tracker
error is necegsary.

The error analysis is begun by reviewing sample runs and obtain-
ing plots of the ZOTS position versus time for Tracker Number 1. The
ZO0TS position 1is the true position of the target and is weasured in
wils. The time is given in seconds. The x and y position on the
array sensor are recorded as the x and y analogue outputs. The
computer program TAPEREAD.DRIVEl calculates the sensor error dif-

ference Es as
E8 s Z - T (inches) , (11)

where Z 1s the ZOTS irdication of "true" target position and T is
the tracker realization of target position,

The calculated error for the Honeywell tracker is plotted for
investigation in Figure 5. Several tyres of error are evident from
the plot. The error function has an average value which takes on
a positive value during the firet pass of the target on the image
surface, When the target changes directions and begins ite reverse
pass, the value drops to a slightly negative quantity. This error,
it seecms, is due to tracker lag. This tracker lag might not be a
characteristic of the imaging device itself, but an inconvenience
encountered in the use of certain tracking algorithus. The lag
error is evident in all of the trackers, but varies in its extent.

The higher frequency oscillations represent "electronic noise".
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proportional to the location of the target. Superimposed on these
d, c, voltages is a random "electronic noise", which is interpreted
as "true" target motion by the tracker. This noise is easily re-~
moved in the computer analysis by simply obtaining a linear least-
squares fit to the Z0TS output voltage. The removal of this noise
reveals the actual tracker error as pictured in Figure 8. These
results correspond much more closely to the reaction of an "ideal"
tracker. An "ideal" tracker error occurs only between target posi~-
tion decisions. The difference error increases from zero until the
tracking algorithm makes the decision that the target has indeed
moved to another cell space or active element., At the predetermined
time, the tracker output indicates a move and the error drops to
near zero, where the procedure is itterated; resulting in a gawtooth

wvaveforu whoge frequency is given by

fer - vt/d , (12)

similar to that of Figure 7. Ve is the target velocity and d is
the width of an active eleuent of the sensor. There is strong indi~-
cation that this is indeed the case, in part, showing most of the
error to be algorithm oriented rathexr than sensor oriented.

The other error element encountered in the analysis is that of
calibration factor ¢slection. Tha calibration factors for ascaling
outputs from the ZOIS and tracker determines the amplitude of the
sweep for each. Lack of precision produces a large triangular

component in the error difference as shown in Figure 8. This same
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type of error would be evident if a lag in response of the target

to 20TS positioner, since the target would never cross the full
expanse of the face of the imager. Each case is, however, a
limitation of the test equipment and not of the tracker itself. It
is not considered a restriction on the tracker.

Sample runs for obtaining the tracker error are shown in
Figures 9 through 1l4. These rune provide illuatrations of each
type of error encPuntered in the tracker parameter analysis. The
Fortran program also provides numerical values for the error dif-
ferences, but an extensive listing would be cumbersome and provide

little extra insight into the abilities of the tracker.
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Tracker Error for Martin Marietta Correlation Tracker.
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CHAPTER 1V
RESULTS OF PARAMETER STUDY

The sources of the tracker test and analysis are a statistical
data reduction program written for the available Univac 1106 Multi~
processor facility and Z0TS data from the laboratory evaluation of
the five solid state imaging arrays. Some of the latter is available
from previous reports and repeated on the local facility for com-
parigson purposes. The minimum and maximum values of E; are used to
determine 1if loss of track occurs in each run. Loss of track is
defined to have occurred when an extreme vaiue of E; 18 significantly
greater than one~half the appropriate x or y dimension of the target
image on the sensor. Since the trackers have no provisions for
redacquisition of the target, such occurrences are also defined as
los#s of track.

The data shown in Tables 3 through 7 provide an analysis of
tracker accuracy of the five trackers as a function of irradiance of
the tracker lens. Thege dataare used to determine the irradiance
range over which each tracker can successfully track. The upper
irradiance level 1s chosen safely below the level necessary to
saturate the sensor or cause blooming. The lowest reported irradiance
level is defined as the lower limit, which is immediately above the
non~tracking level. x and y wotion refer to independent target

‘motion along that respective axis. The quantity A is the difference
Eg and 0 1s the standard deviation, both of which are averaged over

all rune of a particular test series, expressed in milliradians.
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Tracking accuracies as a function of contrast are shown in
Tables 8 through 12, The contrasts used are defined in the fol-~

lowing manner.

P

L. -
T~ Lp
_-_f;-_— (13)

C = 100

where C is the contrast in percent, L is the measured luminance in
foot-lamberts, and subscripts T and B refer to target and background
respectively,

This test determines the lowest possible photometric contrast
at which each tracker could successfully track.

Tables 13 through 20 present tracking accuracies as a function
of target rate with both irradiance and target contrast variable.

The purpose of this test is to determine the maximum tracking rate
capability of each of the trackers at the extreme limitse of the
irradiance and contrast tests. The initial target velocity in array
cells/second i8 approximately 60% of the tracker frame rate. At each
irradiance or countrast level, the target rate is increased until
either the tracker ceames to track or the 20TS limit is reached.

Rate tests are performed in x, y, and diagonal axes when unrestricted
by ZOTS nonuniformity or test time limitations.

The five trackers prove to be very accurate, religble and to
have wide dynamic ranges in both irvadiance and target contrast.
These capabilities are presented in Table 21. The irradiance capa-
bilities are expressed as the dynamic ranges of successful operation;

since absolute limits uay be modified by changes in tracker optics

.
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Table 19.

Tracking Accuracy Versus y-axis Target.
Rate, Tracker No. 4

Error in Milliradians

Irradiance Contrast 16.1 mrad/sec 28.9 mrad/sec
uWatt/cm? 4 A g A o
0.211 77.4 0.046 0.158 0.032 0.211
0.0278 82.1 0.071 0.167 0.187 0.191
0.0075 78.5 0.155 0.171 0.134 0.207
0.0055% 80.2 0.120 0.236 0.103 0.324
0.211 3.5 0.101 0.177 0.072 0.203
0.214 2.2 -0.089 0.208  -0.063 0.201
0.218° 0.04 0.043 0.164 0.066 0.214

Notes: Tracker frame rate, 124 frames/sec

a Adaptive gate disabled

Nuetimp
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Table 20. Tracking Accuracy Versus Target Rate,
Tracker No. 5
Error in Milliradians
Irradiance Contrast Velocity A o]
uWatt/cm? b4 dArad/sec mrad mrad
0.096 92.4 14.9 0.233 1 0.485
0.096 92.4 15,7 0,288 0.464
0.096 92.4 16.1 0.235% 0.647
0.069 70.5 3.48 0.012 0.537
0.069 70.5 6.97 0.188° 0.488
1.7 4.6 4,65 0.258 0.519

Notes: Tracker frame rate, 30 frames/sec

Target motion in x-axis

a Lost track 40X of rums, would not track at 16.6 mrad/sec
b Lost track 20X of runs, would not track at greater

target

velocities

¢ Would not track at 5.23 mrad/sec

Tab

le 21. Array Tracker (.apabilities

Tracker Frame Rate Irradiance Min Contrast Max Target
/ ) % Rate
No. (f/sec) Renge (Imax Lin mrad/sec
1l 92.6 10 1.5 -
2 46 12 12.2 >54
3 119 19 2.1 >36
4 124 26 3.6 >39
5 30 11 >1.7 16.1

e e i S
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and/or frame rate., The maximum target rate for trackers 2, 3, and
4 are not determined due to rate limitations of the 20TS.

One major advantage of Tracker Number 1 is that it requires no
adjustwents throughout the complete gseries of tests at a given
frame rate. Trackers Number 3 and 4 require adjustments for the
conversion from a high-irradiance range to a low-irradiance range.
Trackers Number 2 and 5 require adjustments for each parametric
change of irradiance or contrast,

The tracking accuracy of a particular tracker (except Tracker
Number 2) is essentially independent of irradiance until the marginal
level is approached. The tracking accuracy is usually degraded by
10 - 202 at the margiual level. Tracker Number 2 ig the only tracker
exhibiting greater errors than 0,36 milliradians or g-eater standard
deviation than 0.63 milliradians under all irradiance conditions.
The accuracies of Tracker Number 2 are much lower and decrease with
irradiance level.

The tracking accuracy of the trackers (excepting Tracker
Number 2) are lees than 0.51 milliradians with standard deviations
of less than 0.54 milliradians for all contrasts. The accuracy is
again essentially independent of target contrast for contrasts above
the level at which the tracker ceases to operate. Tracker Number 2
is much lower and decreases with target contrast.

Target rate effects ware different for each of the trackers.
The only trackers showing independence to target rates are Trackerr
Number 2 and 5, Trackers Number 1 and 3 showing linear increases in

error with target rate. Tracker Number 4 shows a linear increase
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in error in the y direction, buL tue x-axis error approximately

doubles between the rates of 8.6 and 16.1 mrad/sec. The x-direction
error remains essentially constant for higher velocities. The
aaximum target rate capabilities of Trackers Number 1 and 5 are 0.93
times the theoretical value of one cell/frawe, except for the tests
at the warginal irradiance and contragt limits, where it drops to
0.40 and 0.27 times the design rate limit, respectively.

Data from Tracker Number 1 indicate the tracking accuracy at a
frame rate of 92.6 is essentially five times that ot 23.1. Trackers
Number 2 and 3 demonstrate no gignificant differences at different
frame rates. Lower farget velocities account for the increase in
accuracy at the lover frame rate of Tracker Number 1.

At higher target velocities the tracker tracks the target but
lags behind. When the lag ancumulates to the dagree¢ where tha
target leads by more than one cell, the target is lost.

Array respoase has some degree of nonuniformity. This nonuni-
formity contributes to tracker failure at marginal conditions of
irradiance and contrast. The array used in Tracker Nusber 1 has a
column of "hot" cells and the array of both Trackers Number 3 and
4 have several irregularly shaped areas of non-uniform cells. Under
extremuly low irradiance or contrast conditions, the target is lost
if its image passes over these areas. An operational tracker is
limited by such noauniformities.

The five trackers using the solid state arrays ars extremaly

reliasble. No failure of any of the tracker's electronics or

i e
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detectors under several hundred hours of testing exhibits promising
performance,

Two of the trackers previously discussed use a 100 x 100 CCD
array (Martin Marietta). With the recent developments in MOS
technology, it seeme apparent that the charge coupled concept will
gradually play a wore dominaat role in the imagery technology.

Thé parameters which seem to be sensor oriented rather than
algorithm oriented are contrasts and transfer time, or transfer
efficiency. The latter affects the frame or scan rate and thus the
waximum target velocity. The dependence of a tracker on these
parametery depends on what type of tracker is employed and what

type of target recognition scheme is used.

Several systems are available utilizing acquisition and tracking

algorithms, providing reliable tracking of missile plumes. Here the
missile plume 4is assumed to have a positive contrast ratio with
respect to the background. However, many cases do not cffer such
conveniences. It is desirable to track the target pattern itself,
such as migsile body tracking. aircraft tracking, or projectile
tracking. If a system is available capable of such a task, than
the possibility of real-time data reduction cax be considared. The
parameters influencing sensor behavior or response svidently coa-
trol the upper limit on tracker efficiency.

A very good ides of how these parameters influence device
behavior, is ggtnincd through inveatigation of the wodulation

trangfer function. This wmodulation transfer functinn describes the
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responge of the CCD to each parameter as a function of frequency.
It is analogous to the frequency response of a network.

Also, aliesing occurs due to the discrete nature ox the
sensor elemeuts. In cther words, the imaging surface is not con-
tinguous but samples the image plane. Thus, the spatial frequency
respon<: beyond the sampling limit, or Nyquist limit, is a design
consideration. This characteristic, however, is not as severe as
has been supposed. If it proves to be a problem, it can be removed
by prefiltering or defocugsing the iwmage to render the edges and
lines continuoug. This also tends to blur the image and reduce
edge contrast by apread‘ing the energy of the scene elements to
adjacent areas.

1f the seusor is to be used to detect subresolution sized
objects, such as point images of stellar objects, it is a definite
disadvantage to have unresponsive intensities in the image plane.
It is preferable then to have the sensors contiguous, or for the
scene to be prefiltered to that degree. However, if sensitivity is
the goal, prefiltering is not adviud.‘

The wodulation transfer function (MTF) is the ratio of device
output to input in a particular observation domain. In the frequency
dowain, the MIF relates the asplitude and phase of a sinusoidal
output to the correspcading sinusoidal input signal. The argumeat
gives the phase shift aad the modulus gives the attenuation.
Generally the normslization used is unity amplitude and zero argu-
ment at zero frequancy. In the case of & linear system, the MIF is

simply the Fourier transform of the impulse response function. In
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the case of a sampled data syster, such a> a CCD, a single input
frequency gives rise to several output frequencies, These additional
signals are multiples and sidebands of all of the multiples of the
sampling frequency. DBecause the additional output signals represent
no additional information the MTF is calculated using the component
of the output having the same frequency as the input. Hence the MTF
becomes simply the frequency response of the system. Here, the
Nyquist frequency becomes the spatial sampling limit,

The MIF is an excellent way of expressing the operational
imaging characteristics of the CCD. The overall MIF of the chip is
composed of three factors:

1. The loss of spatial frequency due to the geometry of the

integrating cell (MTF )

integ
2, The loes of frequency response due to transfer inefficiency

(MIF )

transfer

3. The loss of frequency response due to the diffusion of
charge between photon absorption and photoelectron

collection (HTFdiff)‘

1. Hrrlnteg:

The integration MI¥ is given by the Fourier trangform of the
basic integration cell. For a rectaugular cell of length 4x
repeated with periodicity p, 1.e., p is cell to cell spacing;

the MT? is

oo & i)
. - ftn P
integ £ xAx (14)

4
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Figure 15, HTFinteg

Versus Normalized Spatial Frequency.
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where fN is the Nyquist frequency. For Ax = p, the first zero
occurs at f = fN = 1/p. For Ax = p/2, the first zero occurs at

fN = 2/p. Figure 15 gives the integration MIF versus normalized
spa;ial frequency. For the backside illuminated frame transfer
(BIFT) device, Ax = Ay = p, and for frontside illuminated interline

transfer (FIIT) devices, Ax = Ay = p/2,

2. HTFtransfer

During the transfer of & sampled sinusoidal signal along a CCD
shift register, a fraction of the charge € is lost from each of the
samples at each transfer. and this charge is added to trailing

samples. The effect of this dispersion on MTF is given by

M'I'Ft:.r:ansfer - exp 3 -ne[:l - co8 [“{rﬁ]] $ 15

where n is the number of transfers.

Figure 16 shows the transfer MIF versus the normalized spatial
frequency with the n€ product as the parameter.

The number of transfers in the x direction is the same for both
frame-transfer and interline-transfer arrays. Therefore, the hori-
zontal MIF degradation due to transfer is the same for both axrays.
The number of transfers in the y direction is greater for the frame-
transfer chip by the amount PNy, where P is the number of phases and
Ny is the number of y-direction cells. Therefore, the vertical MIF

for the frame-transfer chip is lower than that for the interline-

transfer chip.
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3. MIFgi¢¢

If photons are absorbed within the depletion regions, then the
collection is assumed 1004 efficient. However, if photons are
absorbed away from the depletion regicns, thea the charge configu-
ration will spread as it diffuses toward the depletion regions with
a resulting decrease in MTF,

If photons are absorbed a distance d from the depletion region
and 1f the diffusion length in the silicon is Lx' then the MIF due

to the diffueion of charge is given by

cosh(d/L,)
MFyiee = Cosh(a/L) (16)
where L™? = L:z + (2nf) .

Figure 17 shows the diffusion MTF versus normalized spatial
frequency with d as the parameter.

The responsivity of each photo element is a description of the
efficlency of each cell in converting incident photons to the photo
electrons eventually collected in the potential well beneath the
sensor gate.

The photoelement responsivity is determined by the efficioncy
with which photons are absorbed and the resulting photoelectrons are
collected. Basically four mechanisms act to reduce the photoeleaent
).

1. Reflection at layer irterfaces before the photons reach

responsivity (Rclcncnt

the silicon.




d = 104

1.0

L, = 90U

¥/E,

Figure 17, m“ff Versus Normalized Spatial Fregusncy.
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2. Aborption in these layers before the photons reach the

silicon.

3. Recombination at the Si~510, interface after hole-electron
generation.

4. Absorption too far away from potential wells for the

photoelectrons to be collected.

Mechanisms 2 and 3 cause a reduction in Relement

in the infrared, and

in the blue,
wechanisu 4 causes a reduction in Relement
wechanism 1 causes interference fringes throughout the spectrum.

Mechanisw 1 is wainly responsible for R

element Deing different for

BIFT and FIIT structures.®

As previously wmentioned, dark current is not completely uni-
form throughout a device. The dark current signature of a device is
obtainaed by integrating in the dark. If the element-to-element non-
uniformity ie ANd » then the minimum signal that can be detected
will be limited to N, = AN, . If the element-to-element variation
of AHd is 10 percent, then at room temperature this will limit the
uninisum detoctable signal to about 1000 electrons. The dark current
is a strong function of temperature, decreasing by a factor of 2
every 1l0° C decrease in tempersture.

Three-phase charge coupled devices with transfer efficiencies
of 99.99% are availsble providing operating .requencies of up to
10 MHe. Since nonuniformicies are characteristics of the manufactu-

ring process, the paremeter of the device itself in newd of experi-

wantal iavestigation is this transfer efficlency as it is relaced to
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image degradation, target acquisition, tracking and the overall MTF.

In the discussion of the effects of transfer inefficiency on iwages,
a single element with stored charge Q is observed. This charge is
placed in a well (1 = 0), then after N transfers, the distribution
of charge in cells 1 = 0,1,2,... 18 given by

Q Nt gt N1

D{1,N) = '6- - m(l-d

(17)

where a is the fractional loss incurred by the charge packet in
moving from one cell to the next. The phenomenon is illugtrated in
Figure 18 for the firat two transfers. The fractional loss from the

charge packet after N cell transfers is given by 1 ~ D(N,N);
logs = 1 - (1 - a)N = Na for M << 1 (18)

The equation D(N,N) = D(N - 1,N) gives the value of N for which the
first trailing packet and the leading packet have equal amounts of

charge. This value is calculated in the following manner.

D(N,N) = TE:%%TET 1 - G)N GN—N (19)

D(N,N) = 5:— a- ¥ e (20)
N

D(N,N) = (1~ a) . (21)

Likevise,
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Pigure 18. Representation of Charge Loss After Two

Trausfers.
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DN-LN) = DDt ¢ - oL av (22) '
D(N-1,N) TN—-%‘! a-m¥la (23)
DV-1,N) = N(1-o)Vla (24)
thus, j
D(N,N) = D(N-1,N) = (1-a) = N(1-0)¥la . (25) 4
Na = -(l-li‘i?-:]_—l (26) ‘1
1-a) ?
No = 1-a (27) 3
N o= =2 (28) j
For
a<<l1 , N=1/a . (29)

Thus, for every l/a transfers, the peak of the charge distri-
bution shifts back one cell, i. e., after 2/0 transfers, the second
tralling packet contains the largest charge quantity. This con-
stitutes a delay in addition to the delay time N/fc required to

clock a packet out of the cep. '
This development is used to creste a simulation of the CCD as

used as an imager for tracking applications. The simulation is a
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bit more complicated, however, aince each cell has some charge
stored in ite depletion well. The concept is the same. In order

to illustrate this concept, an image ie placed on the 100 x 100

simulated array. The test pattern resembles that shown in Figure 19.

Each cell has a seasitivity to 9 grey levels (this may be changed to

achieve desired resuits), each level described in Table 22.

Table 22. Grey Level Regpounse of CCD

Level Voltage Range Symbol

0.0 - 0.2

0.2 - 0.3 .
0.3 - 0.4 +
0.4 - 0.5 *
0.5 - 0.6 &
0.6 - 0.7 X
0.7 - 0.8 ]
0.8 - 0.9 3
0.9 - 999.9 ) |

The image is clocked frou the srray with any desired transfer
eificiency or contrast rati¢. With a transfer efficiency of 932 and
the interline-transfer mathod used, the observed image becomes that
of Figure 20. Note the degradation of the image as well as the

delay encountered. This delay is rot related to clock frequency
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other than through the transfer efficiency. When pattern tracking,
to maintain no delay due to charge distribution changes, the trans-
fer efficiency wust be well above 997 az illustrated by Figure 21.
Of course, the position of the target on the sensor face does have
some bearing on the target pattern degradation. The amount of
degradation is directly proportional to the number of transfers
necesgary to remove the image scene from the sensor. The simulation
removes the image by clocking the cells up and to the left. There-
fore, the target is more easily found in the upper left-hand cornmer
than the lower right-hand corner.

The determination of the minimum transfer efficiency for
target recognition begins with the generation of a complicated
background on which to view the target. The pseudo-random back-
ground of Figure 22 provides possibly worst-case results for pattern
recognition. The output of the program using the target shown in
Figure 23 is tabulated for evaluation in Table 23. The contrast
ratio is set at 0 to once again provide woyst-case results and
to give an honest feel for pattern tracking rather than positive
contrast tracking. The target paftern is positioned at x = 50,
y = 50, reaulting in approximately 100 transfers for each cell.
The pattern cell tolerance is set at 0.09 volts, giving approxi-
mately one grey level of tolerance. The transfer efficiency wmust,
therefore, be greater than 99.90% in vrder to maintain track under
these conditions. This efficiency is of course < oendent on several
factors other than placement of the target on the image surface. The

complexity of the target itself is an important factor. The grey

o e e
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level tolerance of the pattern call can be raised to provide
tracking or acquisition at lower transfer efficiencies. However,
the possibility of locating a "false" target increases with an
increase in tolerance.

An estimation of the lowest tranafer efficieacy allowing
acquisition of the target may be calculated for the above situation.
Assuming no addition from preceding charge packets, tolersance of
0.09 volts and pattern location of x = 50, y = 50; the largest
aumber of transfers 18 108 and the value of that cell is 1 volt.

Therefore,
MY (W) = W - (1) (30)

where n is the tranafer efficiency, N is the nuxber of transfers,
V is the value stored in the cell, and tol is the cell patterm

tolerance. This gives

108

1) 1~ (0,09)

nloa - 0,91

n

108 tan = fn 0.91

fn 0,91

fan = 5

fan = -0.00087

or,

n = 0.99913
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TARGET PATTERN SIGNATURE

Figure 23, 8 x 8 CCD Array Used as Target.
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Table 23. Output of CCDSIM,.SEARCH

lteration Output

1 GOOD SEARCH, TRANSFER EFFICIENCY IS 100.00%
THE TARGET WAS LOCATED AT X = 50, y = 50

2 GOOD SEARCH, TRAKSFER EFFICIENCY IS 99.90%
THE TARGEY WAS LOCATED AT x = 50, y = 50

3 GOOD SEARCH, TRANSFEN EFFICLENCY 15 99.98%
THE TARGET WAS LOCATED AT x = 50, y = 50

4 GOOD SEARCH, TRANSFER EFFICIENCY IS 99.97%
THE TARGET WAS LOCATED AT x =~ 50, y = 50

5 GOOD SEARCH, TRANSFER EFFICIENCY IS 99.96%
THE TARGET WAS LOCATED AT x = 50, y = 50

6 GOOD SEARCH, TRANSFER EFFICLENCY IS 99.95%

THE TARGET WAS LOCATED AT x = 50, y = 50

7 GOOD SEARCH, TRANSFER EFFICIENCY IS 99.94%

THE TARGET WAS LOCATED AT x = 50, y = 50

GOOD SEAKCH, TRANSFER EFFICIENCY IS 99,93%

THE LARGET WAS LOCATED AT x = 50, y = 50

T T I U T g a3 e IR
cc

) 9 GO0 SEARCH, TRANSFEK EFFICIENCY IS 99.92%
THE TARGET WAS LOCATED AT x =« 59, y = 50

10 GMUD SEARCH, TRANSFER EFFICIENCY (S 99.91%
THE TARGET WAS LOCATED AT x = 50, y = 50

11 BAD CCD SYSTEM-~TARGET LOSTI!I!i!
" TRANSFER EFFICIENCY TOC LOW AT 99.90%
LAST AVAILABLE POSITION WAS x = 50, y = 50

et s e A NI %
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This corresponds to a transfer efficiency of 99,913%, which cor-

responds very closely to the simulation output, , |
It should be pointed out that the simulation is for interline

transfer. If line--or interline--transfer is used, the number

enterzd as TREFF is actually the cube of the transfer etficiency

for a three-phase device since three transfers are made for aach , .

sensing element. For frame- or field-transfer, two parts nmust be

used. For the transfer to the storage section the number entered is

also the cube of the transfer efficiency but the only vertical

transfer is made, so half as many transfers are made for a square

device. The second part is identical to the line transfer, having

both vertical and horizontal transfer. An efficiency of at least

e

99.91% is presently attainable with state-of-the-art MOS fabrication.
For actual simulation of known device characteristics, the

contrast of terget to background may be varied as is necessary.

Any target may be used for the recognition scheme, The only pro-

vision is that the target &pproximation must cover a rectangular

array of cells. Digitized target patterns are easily obtainable and

may be used directly by the scheme. With slight revision, the pro-

gram can also provide target acquisition as well as tracking. !
One great advantage of the CCD mechaniem is that it is self- :

scanning. This mechanism provides the ability to observe the cells

one at a tiwe as one might observe bits in a shift register. The
grey levels are easily chosen and implemented. The uses for the

CCD imager as a tracker necessitate compactnese and agility., 1In
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order to process the information from the CCD where several grey
levels are not necessary the information may be encoded directly as
it is clocked from the array sensor. If the information is bi- QL;$%
level (0 or 1), as shown in Figure 24, the black and white informa-
tion may be encoded as run-lengths of cells. I1f several grey levels
are necessary, the difference between grey levels 1s encodable with
large dynamic sensitivity. A great deal of redundancy exists in
black and white imaging. If a priori knowledge is available on the
background, a good "educated" guess can be made as to the probability
of various run-lengths. With this knowledge, the information can be
encoded with a large savings in the number of bits necessary for
reconstruction for the image scene. A one-zero representation of
Figure 24 1g presented in Figure 25. If this "scene' background is
assumed to have & Poisson probability distribution with an average
run~-length of 5, it can be encoded as it is clocked from the array
using the Huffman code generated from che appropriate distribution.
The encoded sequences are given in Table 24 for lines 40 through 60
of Figure 25. Since the target is not accurately represented by the
Poisson distribution, it is easily recognizable. Even though the
image of Figures 24 and 25 {g' not accurately represented by the
Poisson distribution, the number of bits necessary for description

is reduced and the target pattern is easily found in the sequence.
Perhaps a better distribution for description of the scene is the
modified binomial distribution previocusly described. A program is
presented for this encoding, along with the code to be used in its

table look-up procedure in Appendix B.

| Ar— . s

——a -
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Figure 24, CCD Array with bi-level representation for Huffman Coding.
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One-Zero representation of Figure 24 for coding.

Figure 25.
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Table 24. Encoded Sequences for Lines 40
Through 60 of Figure 25.

1*%011
0*010
1*00110
0%1011000
1*1010
0*1010
1*011
0*1010
14010
0*010
1%1010
0%0010
1%11
0*1010
1*%1011000
0%000
1%0010
0*0010
1#1011000
0%0010
1%1010
0*010
1%00110
0*010
1%000
041011000
1¥1010
0%0010
1%1010
0%010
1%1010

0*1010 1*011 0*0010 0*1011000
1*011 0*100 1%1011000 1%1010
0*100 1*000 0%*0010 0%1010
1*1011000 0%*00111 1*00111 1%00111
0*11 1*00111 0*1010 0*00111
1*1010 0*011 1%011 1*100
0*011 1*000 0%00110 0%011
1%011 0*010 1%100 1*%00110
Uxll 1*00111 0*100 0*000
1%1011000 0*1010 1*100 1%010
0*0C111 1*00111 0%011 0*11
1%011 0*1011000 1%0010 1%1011000
0*11 1%0010 0*11 0%*00111
1*1011000 0%1010 0*000 1%Q11
0*100 1*1010 1*1011000 0%000
1%00110 0*010 0%1011000 1*000
O*11 1411 1%1011000 0%1011000
1*%00111 0*100 0*011 1%1011000
0%*00110 1*Q010 1*11 0*00111
1*0010 0%1010 0%00110 1*1011000
0%0010 1*010 1%1011000 0*1011000
1*100 0*100 0%011 1*%1011000
0%00111 1*%1010 1*1011000 0*0010
1%00110 0*0010 ¢+011 1%010
0%00110 1%1011000 1%00110 0%000
1%0010 0*010 041011000 1%00111
0*00110 1*100 1%00111 0*11
1%000 0%100 0*1011000 1%011
0%1010 1%11 1%00111 0%*00111
1%00111 0%100 0%0010 . 1*%100
0%1010 1%0010 1*%100 0*0010
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Table 24. (Continued)
1%000 0%1011000 1*11 ‘ 0%1011000 0*00111
0*11 { 11011009 1*%Q00 1 1*00111 1*100
1*1011000 0*1011000 0*C10 0*000 041011000
0*11 1*%000 1*00110 1%00110 1*0010
1*010 0%*000 0*100 0*0010 0*010
0%100 1*11 1%011 1*11 1*%000
1%000 0*1010 0%11 0%*1010 0*11
0*00110 1*%1010 1%000 1%100 1%000
1%011 0*00C111 0*1011000 U*1011000 0*100
0*1011000 1%0010 1*1011000 1%1011000 1*011
1*1011000 0*011 0%1011000 0*11 0*1010
0*1011000 1%1011000 1*00111 1*0010 1%010
1%00111 0*00110 0*1011000 1%010 0%00110
0*1011000 1*11 1%1011000 0*1011000 1%011
1%#1011000 0%*000 0*Q0111 1*010 O%11
0*11 1*11 1*%1011000 0*1011000 1%000
1%Q10 0*011 0*0l1 1*1011000 0*0010
0*00110 1*011 11010 0*00110 1*1011000
1*010 0%1010 0*00110 1%011 %0310
0%010 i*011 1%1011000 0%0010 1%010
1%1010 0%1011000 0*00110 1*C0110 0%100
0%00111 1%1011000 1%001LY 0*00111 1*%1011000
1*000 0%00111 1%1010 1*%00111 0%*000
0%100 1%1011080 0%00110 0*1071000 1*11
1%00110 0%1011000 1*1010 1%00111 0%011
G*000 1%100 0%010 0*1011000 1*1011000
1%00110 0411 1*100 1*%00111 0*000
0%00111 1%010 0%00111 0*0010 1*1010
1%11 0*010 1%*00111 1%1010 0*010
0%1011000 1%011 0*1011000 0%1011000 1%010
1%1011000 0*11 1%1011000 1%00110 0*011
0%00111 1*011 0%00111 0*1011000 1*11
1%¥1011000 0%00111 1%1011000 1*100 0*0C110
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Table 24 (Continued)
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10010
0*1010
1%010
0%1011000
14010
0*0010
1*000
0*000
1%100
0*00110
1*1011000
0%0010
1%00C
0%Q0111
1*11
1*1011000
1%100
0*1010
1*1]1
0*0010
11010
0*1010
1*11
0*00110
0*010
1%00111
0%00111
1%00111
0*11
1%1011000
0%00119
1%000
0%00111

1*1011000
0*11
1*100
0%000
1*000
0*100
1*100
0*100
1*1611000
0*00110
1*00111
0%00110
1*00110
0*100
1*100
0*011
1*011
0%1010
1*1011000
0%00111
1*1010
0*000
1*00110
0*1010
1*100
0*00111
1*0010
0*101L060
1*00110
0*0010
1*%00111
0*0010
1%1010

0*%100 1*100
1*011 0*0010
0*011
1%1]1
0*011
1#00110
0*100
1%0010
0*1010
1%1011000
0*0010
1%1011000
0%011
1*10110000
0%1011000
1*0010
0%#1011000
1*00110
0*00111
1*1010
0*1010
1%00110
0%1010
1*Q0111
O*11
1*0010
G*1011000
1*100
0%011
1*11
G*0010
1%1011000
0%010
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CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

The CCD mechanism lends itself to imaging systems that are
certainly commensurate with the device capabilities. Most of the
parameters of the SSID as used as sensorgz in trackers are not the
limiting characteristics. The parameters of the tracker provide
the limitations in mogt cases. System degradation due to sensor
characteristics are mostly charge transfer oriented. This study
shows the CCD to be capable of handling up to 10 MHz operation
which is sufficient for wmost tracking application.

The small size and low power requirement indicate the strong
impact on imige tracking where limited space and power availability
are factors. As evideunced by this etudy, with adequate transfer
efficiencies, the accuracy of the position of the target to which
each emergent charge packet can be assigned, sensitivity, and dynamic
range, give these sensors wide application in the field of target
acquisition and tracking.

The devices are easily modeled, giving simulation results which
can be used to predict the accuracy of a tracker utilizing the CCD
or CID. The device parameters (transfer efficiencies, contrasts,
target patterns, background distribution), are estimated and then
ugsed by the simulation program to predict the behavior of a tracker
using the device as a sensor. The routine is easily incorporated

into target recognition schemes and tracking algorithms. Ome such
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algorithm is the correlation method for target or image tracking.
The study of this tracking technique as applied to the CCD simu-
lation is suggested as a possible extension of the work.

The issue of buried channel versus surface channel wode is
resolved. Buriled channel provides several major advantages in
performance and also aimjlifies device design and operation. The
charge transfer efficiency for the buried channel mode is high for
the full rauge of electron packet size, from saturation charge of
approximately 10* electrons to the order of 19 electrons or less.
Obviously, this provides wide dynamic range in straightforward
design whereas, with the surface channel wmode, it is unecessary to
cope with the level of the variably required “fat zero" channel
current. One criticism of the buried channel device is that the
saturation signal charge de;:lty cannot be wmade as high as with the
surface channel device, and therefore is more limitea in dynamic
xange. On the contrary, the buried channel device offers orders of
magnitude higher dynamic range by virtue of the rclatively low
noise levels.

Image blooming can only be remedied by the incorporation of
over-flow siuks which must be applied to each sensor element in
order to accomplish adequate anti-bloowming. Even when an image is
excessively intense, smearing occurs in device types where charge is
transferred through illuminated areas. Both frame-transfer and
line-transfer device organizations have this problem; the interline-
transfer device does not because the photoelemeut sites are distinct

from the transport register. Where it is a problem, the device must

.
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be designed and operated in such a way that the smear-producing
charge transfer process is carried out as fast as it is generated.
A compromise solution to the problem is to incorporate only one
anti-blooming charge sink per sensor column. This feature can pre-
vent blooming between columns, but not within columns.

The recogniticn scheme used in this work is a simple pattern
gsearch., With a few modifications, the recognition scheme could be
greatly improved to encompass more sophisticated pattern searches
utilizing more complex digitized target patterns. This work is
meant to be a foundation for the simulation of the device itself as
well ag its lucorporaticn into tracking schemes.

The actual calculation of the pardameters read into CCDMAIN can
be accomplished to furthier the simulation before the sensor is
manufactured. Determination of device respotnse or MIF can be made
from design specifications before the prototype is developed.

It can be seen that for a 100 x 100 CC® sensor array which
utilizes 10,000 photosensing elements, a 1 MHz clockrate will yield
a frame rate of wp to 100 frame/sec. This frawe rate is certainly
high enough to maintain track in any of the trackers surveyed inr the 3
study. The transfer efficiency necessary to maintain pattern
recognition in the simulated scheme (99.90%) is easily attainable at
such a clock rate. Therefcre, even with clock rates as low as 1 MHz,
adequate missile crackers utilizing a CCD sensor are realizable. x

When utilizing this method as a wmissile tracking mechanism, the
need for data reduction is evident. The scheme for encoding the run-

lengths of white and black cells as they are clocked from the array
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i8 introduced. The Huffman coding scheme is used with the table
look-up method of codeword assignment. Sample encodings are made
uging codes derived from Poieson probability distributions with a
mean of five and with a modified binomial distribution utilizing
consecutive runs of while and black ceils, It 1s evident that more
knowledge of the background scenery encountered is desirable. The
more closely the distribution can bz approximated, thz more reduction
that is possible. Other distributions should be investigated and
actual digitized scenes should be analyzed to determine the optimum
code for a particular application.

The encoders for these operations are very easily implemented
using simple digital electronics and could be incorporated into the
peripheral electronics of the clocking waveform generators and output
amplifiers of the device. This possibility creates a need for
special chip design for special applications such as trackers, both
with onboard tracking and onboard transmission of data to ground
stations.

The idea is already being used for storing pages of literary
information by encoding the outpufs of linear reticon arrays. These
encoded data are available then for instant recall. Up to 30 to 1
reductions of such information are attainable in present systems.
The need for an extension of this work intv the area described above

utilizing charge-coupled devices and area arrays is apparent.
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A Synopsis of the Computer Routines

Used in the Parameter Study

All of the software development, simulation, data recrieval and
data reduction are done on the Univac 1106 Multiprocessor facility
available on the Mismisgippi State University campus. A listing of
the software used follows this synopsis. All of the programs except
one are written in Fortran IV and Fortran V. The one program used
for data retrieval from the 9-track 14M compatible tape is written
in Univac 1106 assembievr language. Since the data tapes use 16 bit
words, the word lengths are changea and manipulated to achieve the
36 bit word length necessary for use on the Univac facility.

The computer software are discussed in three separate sections
as related to tiieir use in the study. The data retrieval prograus
and subroutines are discussed first. These programs include file
wanipulation on tape, word length translation, error calculation and
a Gould plot routine for displaying efther the data or the error
incurred.

The next section listed is the CCD simulation using a 100 x 100
element array and fscilities for element manipulation as well as the
variation of parameters.

The last listing is that for the encoding of the array data as
it is clocked from the CCD. The encodetr uges the table look-up
procedure and includes a listing of two of the codes used for

experimental evaluation of the reductior of bit sequence length.

awble .-
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TAPEREAD

(Data Retcieval and Evaluation)

TAPEREAD.DRIVEL

DRIVE]l 1is used to apply scale or calibration factor manipula-
tion to the data after they have been converted to the correct word
langth and stored in a buffer (BUFF3). The errors are also derived
from the adjusted tracker output and targe. position for each time
interval. Both x- and y-position errcrs are calculated and either
may be transferred to the plot routine, PLOTIT. The prcgram also

contains the ability to test for tape translation errnrs.

TAPEREAD.CONVRT

Subroutine BRKOUT takes the 36 bit words stored in the 960 word
buffer (3UFFl). sowe of which contain wore thar one piece of data
information, and separates them out into individual computer words
using the Fortran V FLD(1,J,M) function. The F..D function allows
bits I through J from word M to be transferr:d to a hit sequence of

another vord. These words are stored in BUF.F3.

TAPEREAD . ASMRD

TREAD* reads the data tape one record at a time. One record is
equivalent to 960 16 bit words of 426.67 36 bit words. Therefore,
three records must be read in order to fill an integer number of 36

bit words. The 36 bit words ave stored in BUFFl and the 16 bit words

are stored in BUFF2.
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CONVRT* takes the data from TREAD* and transforms the 16 bit
words to the usable 36 bit words necessary for the subroutine

BRKOUT .
TAPEREAD.PLOTIT

Subroutine PLOTIT uses the data transferred from DRIVEl to
generate & Gould plot so that the position error or actual position

of the target can be evaluated for each run under consideration.

CCDSIM

(CCD Simulation)

CCDSIM.CCDMAIN

CCDMAIN is the main device simulation program on which any image
can either be generated or read. The parameters for the device are
alsc read into the routine, affect the charge transfer and target-
backgound contrast, as well as provide the grey level determination
for target recognition. Any target can be placed on the image sur-
face on any row-column lccation desired.

The program utilizes degradation of the image scene as deter-
mined by the transfer efficiency, TREFF. Both charge loas and

residual charge addition affect the clocked array image.

CCDSIM.SEARCH

This routine searches throughout the previously clecked array
for any target pattern stored in the target array, TARGET. The
location of the target area is given and the transfer efficiency of

the device at which the array was clocked. The grey levels within
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which the pattern of the target must lie are specified to enable
the ucer to either track contrast differences or specific patterms.
I1f the transfer efficiency 1is suf. ciently sm2ll 10 as to inhibit
target recognition, the CCD is said to have lost target track. In
this case, the lest available position 1s given along with the

trangfer efficiency at which the target was lost,

CCDSIM.PATGEN

PATGEN generates a randoms gsequence of run-lengths of white and
black cells used in the evaluation of the possibility of encoding
the array data as they are removed. Once again, the crea pattern of
the target is placed at any convenient location on the scene inmage

and is encoded as well.

CCDSIM

(Eucoding)

CCDS1M.ENCODE

The routine used for encoding the scene image utilizing a modi-
fied binomial probability distribution is ENCODE. The run-length
is counted and identified as either 1l's or 0's (black cells or white
cells). The next sequence is also counted. Therefore, a run~iength
would be dascribed as n 1's and m 0's or vice-versa. The probability

is assigned as

P(S) = %" . (B1)

vhere p is the probability of a 1 occurring and q is the probability
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of a 0 occurring, such that p + q = 1. In the runy made, p = 0.6
and q = 0.4. A run szgusnce might appear as

11111000 ,

snd characterized as p5q3. P(S) is thus 0.00498 and is associated

with the Huffman codeword 00010110.

CCDSIM.ENCODE2

If the run-lengths are to be characterized by either a run of
1's or a run of 0's, but not both consecutively, a separate encoder
is available. ENCODE2 counts each sequence and identifies it as a
run of either 1's or 0's, then chooses a Huffman codeword from the

code library to transmit or store.

CCDSIM.POISCODES

POISCODES contains the codeword library used in the look-up
procedure for an encoder similar to ENCODE2. The Huffman codewords
are generated from a Poisson protability distribution with average
wordlength 5. This codeword library is taken from an earlier work

in the area of redundsncy reduction.

CCDSIM.MODBICODE

This library contains the Huffman codewords generated from the
wmodified binomial distribution previously described. The library
willove given in Appendix B. This codeword listing is also taken

from the work done previously in redundancy reduction.
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CCDSIM

(Pictorial Description)

CCDSIM. IMAGE

The next program and subroutine are utilized in giving a
plctorial description of the CCD image surface befcre or after the
clocking from the array. The picture generation shows the degra-
dation of the image as well as the delay produced by low transfer
efficiencies. IMAGE usas the data on the CID to generate each ~le-
ment in one of a possible nine grey levels that may be gpecified in

any manner so desired.

CCDSIM.DATAL

DATAL provides the array description to be used by IMAGE. The
data are read from a temporary storage file (having previously been
cataloged by CCDSIM.CCDMAIN).

CCDSIM

(Target and CCD Characteristics)

CCDSIM.TARGET

TARGET is the slemant used to describe the target pattern
utilized ‘n the SEARCH routine as well as in the wmain progrem for

storage in the array.
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CCDSIM.CCDCHAR

CCDCHAR contains the initial parameters of the charge coupled
device. These are uged for characterizing the operation of the
device and, in addition, tarpet placement, contrast, end gray level

tolerances. The data available in CCDCHAR are used by CCDSIM.CCDMAIN,
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BUFF1

BUFF2

BUFF3

BUFF4

BUFFS5

BUFF6

BUFF?

ERFY,
ERFY
SCLTM

APPROX

ERFXA

SCALE1l,SCALE2
SCALE3,SCALE4
NADJ
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TAPEREAD VARIABLE LISTING

BUFFER STORAGE FOR THE 36 BIT WORDS CREATED IN
THE SUBROUTINE CONVRT* FROM THE 16 BIT WORDS IN
BUFF2

BUFFER STORAGE FOR THE 16 BIT WORDS READ FROM
THE DATA TAPE

DATA INFORMATION WORDS-—~CONTAINING ALL OF THE
INDIVIDUAL TBACKER DATA, SUCH AS POSITION, Z0TS
DATA, AND TIME

ZOTS VOLTAGE OUTPUT INDICATION OF THE X POSITION
OF THE TARGET

ZOTS VOLTAGE OUTPUT INDICATION OF THE Y POSITION
OF THE TARGET

TRACKER INDICATION OF THE TARGET POSITION IN THE
Y DIRECTION

TRACKER INDICATION OF THE TARGET POSITION IN THE
X DIKECTION

TRACKER-Z0TS ERROR IN THE X DIRECTION
TRACKER~-Z0TS ERROR IN THE Y DIRECTION
TRACKING TIME

LINEAR LEAST-SQUARES FIT TO REMOVE ELECTRONIC
NOISE

TRACKER-ZOTS ERROR WITE ELECTRONIC NOISE REMOVED

SCALE AND CALIBRATION FACTORS FOR ADJUSTING BOTH
TRACKER POSITION AND ZOTS INDICATION

ST e A

P

3

oty

ot

-




D aui

103
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CCDSIM VARIAELE LISTING USED IN TRANSFER

TREFF TRANSFER EFFICIENCY ASSOCIATED WITH THE CCD
sH ASSUMING ONLY ONE TRANSFER PER PHOTOSENSITIVE
ELEMENT (SEE TEST RESULTS FOR VARIATIONS FOR
DIFFFRENT NUMBERS OF PHASES)

o | ccp CCD ARRAY BEFORE CLOCKING THE IMAGE OUT
| XCCD CCD ARRAY INFORMATION AFTER CLOCKING THE IMAGE
o ouT
TSTPT DIGITIZED TARGET SIGNATURE
TRLESS AMOUNT OF REDUCTION IN TREFF FOR EACH ITTERATION ‘
CONTR TARGET -BACKGROUND CONTBAST
TOLER GREY-LEVEL TOLERANCE USED IN TARGET RECOGNITION
: MAX NUMBER OF ELEMENTS SUBTENDED BY THE TARGET
NN NUMBER OF ELEMENTS IN THE FIRST ROW OF THE TARGET '
j LFLAG TEST FOR RECOGNITION OF THE TARGET
‘f TSTPML LOWER LIMIT ON THE GREY-LEVEL TOLERANCE POR
; TARGET RECOGNITION i
NXPOS X POSITION OF THE TARGET ?
NYPOS Y POSITION OF THE TARGET ;
TSTPPL UPPER LIMIT ON THE GREY-LEVEL TOLERANCE FOR :

¢ TARGET RECOGNITION
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